Typical gasoline consists of varying concentrations of aromatic hydrocarbons and octane ratings. However, their impacts on particulate matter (PM) such as black carbon (BC) and water-soluble and insoluble particle compositions are not well-defined. This study tests seven 2012 model year vehicles, which include one port fuel injection (PFI) configured hybrid vehicle, one PFI vehicle, and six gasoline direct injection (GDI) vehicles. Each vehicle was driven on the Unified transient testing cycle (UC) using four different fuels. Three fuels had a constant octane rating of 87 with varied aromatic concentrations at 15%, 25%, and 35%. A fourth fuel with higher octane rating, 91, contained 35% aromatics. BC, PM mass, surface tension, and water-soluble organic mass (WSOM) fractions were measured. The water-insoluble mass (WIM) fraction of the vehicle emissions was estimated. Increasing fuel aromatic content increases BC emission factors (EFs) of transient cycles. BC concentrations were higher for the GDI vehicles than the PFI and hybrid vehicles, suggesting a potential climate impact for increased GDI vehicle production. Vehicle steady-state testing showed that the hygroscopicity of PM emissions at high speeds (70 mph; κ > 1) are much larger than emissions at low speeds (30 mph; κ < 0.1). Iso-paraffin content in the fuels was correlated to the decrease in WSOM emissions. Both aromatic content and vehicle speed increase the amount of hygroscopic material found in particle emissions.
■ INTRODUCTION
Gasoline manufactured in the U.S. contains several components (e.g., oxygenates and aromatic compounds) that are used to modify gasoline octane rating. For example, tetraethyl lead (TEL), was used to increase the octane rating, and improved combustion. 1 However, TEL proved to be detrimental to air quality and was banned from all consumer fuels. 1 Other octane boosting blending components were found to replace TEL including oxygenates, such as ethanol, and aromatic hydrocarbons. 1−3 Different combinations of compounds are used to modulate octane ratings and the regulations of these additives in the U.S. are enforced by state and federal governments. For example, the California Air Resources Board (CARB) limits the amount of aromatic hydrocarbons to be 35% by volume in gasoline. 4 The federal average level for aromatic hydrocarbons for conventional gasoline in the U.S. is ∼29% for summer and winter blends. 5 Gasoline blends with 10% ethanol are found in most gas stations across the U.S. 6 However, due to the increased ethanol concentration in fuels over the past decade, manufacturers have reduced the aromatic content in gasoline to maintain a reasonable octane rating. 7 If this trend continues, aromatic concentrations could be considerably lower if ethanol concentrations increase.
In the U.S, conventional vehicle technologies consume commercial gasoline fuels of varying aromatic content and octane rating. Gasoline engines equipped with port fuel injection (PFI) systems currently dominate the light-duty vehicle market in the U.S. 8 In PFI systems, the fuel is injected on the backside of the intake valves to take advantage of warm valves and port surfaces to help vaporize the fuel spray. Hybrid vehicles use a variation of PFI engine technology and an electric motor alternately to decrease fuel usage and increase the rate of energy storage. On the other hand, gasoline direct injection (GDI) engines are becoming more prevalent, and are predicted to dominate the U.S. market in the future. 8, 9 Unlike PFI operation, in GDI engines the fuel is injected directly into the combustion chamber. 8 The advantage of the GDI injection strategy is that it improves engine efficiency and fuel economy.
Previous studies have shown higher particulate matter (PM) emissions with GDI engines compared to PFI engines. Fuel impingement on the piston and cylinder surfaces (pool fires) in GDI engines can generate liquid fuel that is partially vaporized and not well mixed with ambient air at the start of combustion, leading to charge heterogeneity and localized fuel-rich regions in the charge cloud and higher PM concentrations. 10, 11 Increased vehicular particle emissions can cause adverse health effects. 12−14 Specific components of vehicle PM composition, such as water-soluble components, can pose a health risk to humans (refs 12−16 and references therein). For example, water-soluble PM has been linked to pulmonary and cardiovascular diseases, and long-term exposure is known to cause human DNA damage. 12, 13 In addition, water-soluble PM has been linked with the cellular production of reactive oxygen species (ROS). 16−18 Furthermore, water-soluble nanoparticles can grow to micron droplet sizes when inhaled leading to increased PM deposition rates. 19 Variation in water-soluble emissions can affect aerosol hygroscopicity and cloud condensation nuclei (CCN) activity thus impacting visibility and climate. 20 Thus, the amount of hygroscopic and watersoluble aerosol from vehicle emissions must be measured to assess potential impacts on climate and human health.
To our knowledge, there is a dearth of information on the particle number and composition from the emissions of combusted fuels specifically blended to vary aromatic concentrations and octane ratings. There exist numerous studies that lower the aromatic concentration by the addition of ethanol to the fuel. Many of these studies have shown that the addition of ethanol, which lowered the total aromatic content of the fuel, and decreased the PM emissions. 21, 22 However, Chen et al. 23 showed that the addition of ethanol in gasoline led to an increase in PM emissions. It is important to note that the gasoline used in Chen et al. 23 had a relatively high iso-paraffin concentration compared to studies that added ethanol to reduced aromatic concentrations. The primary focus of this work is to determine particle hygroscopicity and composition for emissions from current light-duty vehicles (LDVs). This paper presents changes in PM emissions for different fuels, engine technologies, and operating conditions. Specifically, we characterize the effect on PM of decreased aromatic content fuels combusted in advanced vehicle technologies. PM mass and particle number (PN) emissions were found to be higher for the GDI vehicles compared to their PFI counterparts, as shown in a companion paper to this study. 24 Data presented here shows vehicle speed effects on BC emissions rates and water-insoluble particle composition from fuels with varying aromatic content and octane ratings. A companion paper to this study presents the criteria pollutant and air toxic emissions associated with this study. 24 
■ EXPERIMENTAL METHODS
Testing Procedure. Vehicles were tested at the vehicle emissions research laboratory (VERL) located at the College of Engineeing-Center for Environmental Research and Tehcnology (CE-CERT). VERL is equipped with a Burke E. Porter light-duty chassis dynamometer and a constant volume sampler (CVS) that creates uniform dilution of the emissions from the tailpipe for each vehicle. Vehicles were tested over three different unified cycle (UC) tests. Additional information about this transient cycle can be found in the Supporting Information (SI) 1.1 and the speed trace plot of the UC is shown in Figure  S1 . In addition, at the end of each UC test, steady-state cycles at 30 mph, 50 mph, and 70 mph were conducted for each vehicle/ fuel combination.
Test Vehicles and Fuels. A total of seven vehicles were tested, including five passenger cars and two light-duty trucks. The vehicle engine configurations included five wall-guided, stoichiometrically operated GDI vehicles, one hybrid vehicle with PFI fueling, and one conventional PFI vehicle. These vehicles are listed in Table S1 . All vehicles, with the excpetion of one, were certified to meet the Federal Tier 2, Bin 2 exhaust emission standards or the California LEV-II, SULEV exhaust emissions standards. Although Tier-3 regulations have yet to be implemented, these vehicles are reasonably representative of vehicles that would be seen under Tier 3 regulations, and as such are termed Tier 3 like. The Ford F-150 was certified to meet the Tier 2 Bin 4 emission certification.
Four fuels with varying aromatic content were used in this study. The fuels were blended with nominal aromatic contents of 15%, 25%, and 35% by volume. In addition, a fourth fuel was used that had a higher octane number, but the same aromatic content as the third fuel (35% aromatics by volume) with the higher octane from increased iso-paraffins. These aromatic fuels were blended to be within 0.5 vol % of the specific aromatic target. Sulfur content was maintained at ∼27 ppm. All fuels were blended with ∼10 vol % ethanol (E10). The lubrication oil used was 5W-20 and nonsynthetic. Additional fuel properties are listed in Table S2 .
Online Particle Water-Insolubility. A schematic of the instrumentation setup for all the instruments used in this study is shown in Figure S2 . For the experimental setup, a watercondensation particle counter (W-CPC) (TSI model 3785) and butanol-CPC (B-CPC) (TSI model 3772) were used with an electrostatic classifier (TSI model 3080). A scanning mobility particle sizer (SMPS) determined the size and number of particles. 25 The characterization of the size distribution is important, as heterogeneous particle nucleation is a function of particle size. The electrostatic classifier selects a particle diameter between 10 and 289 nm, and the dry particles exiting the classifier are split into streams going to the B-CPC and the W-CPC. A particle scan from 10 to 280 nm takes approximately 135 seconds; ∼17 scans were completed during a UC. Previous studies have shown significant differences between butanol and water-based CPCs for particles below 40 nm. 26 The difference is due to the particle hygroscopicity properties or κ. As the surface area of the particle decreases, the probability of droplet activation depends increasingly on its hygroscopicity. 27 In addition, as κ approaches 1, the particles are more hygroscopic and more water-soluble; as κ approaches 0, particles are less hygroscopic and likely less water-soluble. Figure S3 shows the real-time plot of the ratio of water to butanol particle counts for a given SMPS scan. The plot shows a sigmoidal distribution from 0 to 1. When the ratio = 0.5, 50% of the total particles form droplets within the W-CPC. The diameter of the particles at this 50% threshold is known as the critical diameter, or d s . The operation is under the assumption that the B-CPC provides total particle number. The diameter, d s , that corresponds to this 0.5 ratio is used to estimate the water-insoluble mass (WIM) fraction. The WIM fraction is the total fraction of particles that exhibit water-insoluble properties for particles with diameters below 40 nm. The method is calibrated with aerosolized ammonium sulfate. The d s for ammonium sulfate was 20.5 nm for the W-CPC instrument critical supersaturation, and is consistent with previously published results. 28 To find a cumulative overall WIM fraction over a driving cycle, the total W-CPC to B-CPC ratio was calculated. The ratio was calculated by the sum of each total particle number for every particle diameter selected by the electrostatic classifier. A plot of the ratio was used to determine an overall d s for a particular vehicle and fuel. Supplemental Section 2 and Short et al. 26 give a more detailed description of the method to determine the WIM fraction from d s . This method for determining the WIM fraction has been previously applied to vehicle tailpipe emissions in Short et al., 29 and a more detailed description of the method is also provided.
Water-Soluble Organic Mass Fraction and Surface Tension Measurement. Teflon filter samples were collected during each UC test to determine the WSOC concentrations and particle surface tension. Hence, the WSOC and surface tension measurements are representative of the cumulative aerosol composition. Each filter was placed in a vial and sonicated for 90 min with Millipore DI water (18 mΩ, < 100 ppb). Once sonicated, large nondissolved particles were removed using a Whatman 25 mm syringe filter. The sample was then diluted into ratios of 1:1, 1:3, and 1:5. The surface tension, σ b , for each samples was measured with a pendant drop tensiometer (Attension Theta 200). The tensiometer fits the droplet image to the Young−Laplace equation to compute the droplet surface tension. 100 images were captured for each droplet. The WSOC concentrations of these samples were measured using a GE Sievers 900 total organic carbon (TOC) analyzer. The instrument measures the total dissolved organic carbon and inorganic carbon. The total dissolved organic carbon concentration, in ppm or mg/L, was then multiplied by the amount of water added (60 mL). The WSOC concentration was then multiplied by the ratio of the average organic molecular weight per carbon weight, 1.2, to account for all water-soluble organic noncarbonaceous components. 30 This term is defined as the water-soluble organic mass (WSOM). The WSOM mass was divided by the total mass of PM on the filter to determine the water-soluble organic mass fraction.
Online Black Carbon Measurement. A multi-angle absorption photometer (MAAP) (Thermo Scientific model 5012) was used to measure BC concentrations. The MAAP applies a light source at ∼670 nm on a flat layer of aerosol accumulated on Teflocarbon filter paper. Four optical detectors, above the filter paper, then determine the backscattering of light from the aerosol. The scattering is correlated with the concentration of black carbon. The instrument is calibrated two ways. The thermometer, pressure sensor, and sample flow rate are calibrated first. The calibration is verified by aerosolizing Aquadag© BC solution and simultaneously measuring the solution with an aerosol particle mass (APM, Kanomax model 3600) analyzer and the MAAP. 31 The calibrations used in this test resulted in agreement within ±12% for the APM measurements. Figure 1a . The data represent the average of three trials with the error bars being the standard deviation of those trials. Consistent fuel trends are shown. WSOM emission factors increased with increasing aromatics. The average WSOM emission factor (EF) was 1.34 mg mi −1 . The GDI #4 showed the highest WSOM EF value and was 4.97 mg mi −1 for the 15% aromatic fuel. The WSOM EF for the hybrid increased by 37% from 0.29 mg mi −1 to 0.39 mg mi −1 for the 15% aromatic fuel compared to the 35% aromatic fuel. GDI #1 showed a 46% increase in the WSOM emission factor from 1.19 mg mi −1 for the 15% aromatic fuel to 1.73 mg mi −1 for the 35% aromatic fuel. GDI #5 had a WSOM EF increase of 42% from the 15% aromatic fuel to the 35% aromatic fuel. All three of these vehicles did not show a change in the WSOM EFs with an increase in the fuel octane rating. GDI #2 showed a 123% increase in the WSOM emission factor from the 15% to the 35% aromatic fuel. The increased octane rating fuel decreased the WSOM emission factor 47% to 1.1 mg mi −1 for GDI #2. For the GDI #3, the WSOM emission factor did not show an effect from the different aromatic contents or octane ratings with an average WSOM EF of 0.91 mg mi −1 .
In Figure 1b , the WSOM/PM mass fractions are shown for the six vehicles tested over the UC cycle. The 15% aromatic fuel had a consistently larger WSOM/PM mass fraction compared to the other fuels tested, ranging from 0.2 to 0.65. The other fuels range from 0.05 to 0.4 for the 15% aromatic fuel. The majority of the PM emissions were WSOM for the GDI #2, GDI #3, and the GDI #4. GDI #5 emitted the lowest WSOM/PM mass fractions of all the vehicles. The hybrid had a large fraction of WSOM for all fuels. The highest aromatic content fuels and the high octane rating fuel emitted WSOM (∼0.15) emission factors similar to those reported in a previous study for a PFI vehicle. 32 Paraffin and Isoparaffin Compound effects on WSOM/ PM Mass Emissions. The WSOM/PM mass emissions were above a 0.40 fraction for the 15% aromatic fuel and were very low or below a 0.40 fraction for the other fuels. This trend was compared with several fuel compounds and a correlation was found between WSOM/PM mass fraction and iso-paraffins concentration, particularly with the dominate iso-parrafin compound of 2,2,4-trimethylpentane (iso-octane), in Table 1 . The sum of the total isoparaffins, C 8 iso-paraffins, iso-octane were the highest of all paraffin compounds in the 15% aromatic fuel and dropped by half for the 25% aromatic fuel. The WSOC/PM mass fraction from 15% and 25% aromatic fuels decreased by 50%. The iso-paraffin amounts and WSOM/PM mass fractions for the other three fuels were relatively low (<10 wt % and <0.2).
Studies have shown that the oxidation of paraffins is possible with a three way catalyst (TWC). 33, 34 In addition, Curran et al. 35 proposed mechanisms of iso-octane oxidation from which other carbon chain free radicals may form. Thus, the TWC could be potentially oxidizing these particular iso-paraffins, making the particles more soluble. The detailed organic composition is unavailable. However, it is possible that the oxidation of C 8 iso-paraffins would cause an increase in WSOM when an increased C 8 iso-paraffin concentration exists in the fuel.
The results suggest that increases in iso-paraffin concentration in the fuel increase WSOM. A 50% increase in isoparaffin fuel concentrations increased the amount of WSOM emitted by as much as 50%. The inhalation of increased amounts of WSOM has been shown to impact human health 12−19 . In addition, communities near busy roadways with large concentrations of vehicular traffic could be especially vulnerable from increased WSOM emissions. Furthermore, increases in hygroscopic and WSOM emissions may impact cloud condensation nuclei (CCN) activity. 36 Increases in CCN number will impact climate by reflecting sunlight back into space, thus causing a cooling effect on the earth's surface. 37, 38 Effectively quantifying vehicle EFs of WSOM and other watersoluble material could be crucial to obtaining a better radiative budget.
Water-Insoluble Mass Fraction by Phase. Figure 2 shows the results of the WIM faction for each individual phase of the UC. The data are the average of each trials respective phase with the error bars being the standard deviation of those trials. Collectively, the results suggest that particle emissions during phase 2 dictate the water-insolubility of the particles overall. Phase 2 was more transient in nature with higher average vehicle speed and load than cold-start and hot-start phases. The WIM fraction changed with respect to vehicle speed. The results from GDI #1, presented in Figure 2c , showed a more significant decrease in the WIM fraction between phases 1 and 2. Phase 1 and 3 PM emissions were largely water-insoluble, but phase 2 PM emissions were more soluble particle emissions. The WIM fraction for the 15% aromatic fuel decreased by 94% from phase 1 to phase 2, ranging from 0.05 to 0.9. Figure 2a shows the results from GDI #2 and Figure 2b shows the results from the PFI. These vehicles were selected because their water-insoluble particle emissions were representative of other vehicles in the fleet. For example, the PFI had similar water-insoluble particle emissions compared to the hybrid and the GDI #2 had water-insoluble particle emissions similar to those for the GDI #3 and GDI #5. In Figure 2a for the GDI #2, the WIM fraction for the 25% aromatic fuel decreased by 20% between phases 1 and 2. For the same fuel, the WIM fraction decreased by 35% for the PFI (Figure 2b) , ranging from 0.59 to 0.91. The results from these two graphs show that phase 1 and 3 had higher WIM fractions compared to Phase 2. The results for the GDI #4, GDI #3, hybrid, and GDI #5 are shown in Figure S4 .
Cumulative Water-Insoluble Mass Fraction. As shown in Figure 3 , the majority of the cumulative emissions for the vehicles were water-insoluble. The hybrid, PFI, GDI #2, and GDI #3 do not show any particular fuel trends, with WIM fractions ∼0.9. The GDI #1, GDI #4, and GDI #5 show increasing WIM fractions with increasing aromatic content. The WIM fractions for the GDI #1 increased by 23% between the 25% and 35% aromatic fuels, ranging from 0.59 to 0.76. GDI #1 showed that the highest octane rating fuel produced the lowest WIM fraction (0.54) of all four fuels. The other two vehicles showed an increase between the 15% and 35% aromatic content fuel of 189% for the GDI #4 and 17% for the GDI #5. For the GDI #4, the higher octane rating fuel showed an equivalent WIM fraction with the 25% aromatic content fuel (WIM fraction of 0.51). GDI #5 showed a 6% decrease in the WIM fraction from the 35% aromatic fuel to the high octane rating fuel.
Particle Hygroscopicity and BC Concentration during Vehicle Steady-State Speeds. The vehicles were driven at three different steady-state speeds of 70, 50, and 30 mph. To better understand particle water-insolubility during steady-state speeds the hygroscopicity term, κ, is reported. Particle hygroscopcity was calculated with Eq 3 provided in the SI. As stated in the experimental section, as κ approaches 1, the particles are more hygroscopic and likely less water-insoluble; as κ approaches 0, particles are less hygroscopic and likely more water-insoluble. The hygroscopicity of particles may exceed 1, such as the case of highly soluble salts (e.g., but not limited to NaCl and lithium salts). The results for the particle hygroscopicity values and BC concentrations for each steadystate condition are shown in Figure 4 for the GDI #1, GDI #2, and the PFI. These vehicles were chosen because of the similar WIM fraction results described in the Cumulative Water-Insoluble Mass Fraction section. The other vehicle steady-state results are shown in SI Figure S5 . Some fuels during the 70 mph steady-state speed had κ values higher than 1, indicating the particles were highly hygroscopic. Sulfuric acid, a common vehicular emission component, has a κ value of 0.9. 29 It is important to note that some studies have reported a lower κ value for sulfuric acid, ranging between 0.68 and 0.74, but this study refers to the upper κ value reported for sulfuric acid of 0.9. 29,39 This suggests for κ > 1 that other highly hygroscopic components could be present in the emissions, but the specific components were not determined in this study. The majority of particle emissions at 70 mph tend to be less hydrophobic and water-insoluble.
The κ values for the GDI #1, GDI #2, and PFI vehicles over the steady-state cycles are shown in Figure 4a , 4c, and 4e, respectively. All vehicles show decreasing particle hygroscopicity with decreasing vehicle speed. For the GDI #2, the largest κ value was 1.05 for the 70 mph speed. The PFI showed the largest hygroscopicity reduction between the 70 and 50 mph speeds of 73% and the largest κ value for the 70 mph speed of 1.41. This value is exceedingly high, however within 15% uncertainty of reported NaCl values 27 The GDI #1 showed some of the highest κ decreases of all the vehicles in this study with a 91% decrease in the κ values from the 70 to 30 mph speeds for the 35% aromatic fuel with the high octane rating. In addition, the GDI #1 showed a different effect from that of the other vehicles, with large decreases in particle hygroscopicity between the 50 to 30 mph speeds.
BC concentrations are shown in Figure 4b, d , and f. The majority of the trends for all three vehicles show that BC concentration decreases with vehicle speed. This trend was also consistent with particle hygroscopicity. The GDI #2 BC concentration from 70 to 30 mph decreases from 9.445 to 0.340 μg m −3 . In addition, BC fuel trends shown during the UC were also seen for the GDI #2 BC concentrations during steady-state speeds. Generally, the BC steady-state fuel trends lacked a consistency compared to the BC EFs over both cycles, which increasing aromatic concentration did not increase the BC concentrations over the steady-state speeds. The BC steady-state concentrations for the GDI #1 followed a relatively similar pattern to those for the UC, where increasing aromatics increased BC emissions. High vehicle speeds increase particle hygroscopicity and lower particle water-insolubility. Phase 2 of the UC contains higher vehicle speeds and accelerations than the other two phases in the cycle. In addition, steady state vehicle conditions, Figure 4 , shows that higher vehicle speeds produce more hygroscopic particles (κ > 1) compared to lower vehicle speeds (κ < 0.1). Thus, vehicle speed directly affects particle hygroscopcity. The highest κ value in this study is 1.43 in Figure 4e , which is very similar to the value found for aerosolized NaCl in Short et al. 27 The κ value found in Petters and Kreidenweis 29 for NaCl is 1.28 for CCN derived and 1.33 for growth factor derived values, which comparing 1.43 to both of these are within the 15% uncertainty value associated with this setup. The particles with the highest κ values produced from the vehicles at higher speeds could be inorganic like NaCl or another highly hygroscopic lubrication oil salt, but speciated chemical composition information is required. In general, lubrication oils and vehicle emissions contain very water-soluble salts that could increase the amount of hygroscopic particles. 40−42 Several recent studies have shown that lubrication oil in light-duty vehicles has a major role in the particle emissions composition. 43−45 Thus, at higher speeds the particle emissions could have greater contributions from lubrication oil components. The cumulative WIM fractions reflect emissions at lower vehicle speeds in phase 1 when the majority of the particles are emitted.
3.5. BC Emission Rate. It is assumed that all BC emissions from these vehicles are water-insoluble. The data are the weighted average of three trials with the error bars being the standard deviation of those trials. The BC emissions were compared to the WIM fractions by dividing the BC EFs by the total PM mass (shown in the next section). This will be used to determine the BC contribution to the cumulative WIM fraction. Figure 5a shows the BC EFs for all seven vehicles driven over the UC. Increasing aromatic content increases BC EFs. Increased octane rating in fuel reduces the BC EFs for the GDI vehicles. In addition, the GDI vehicles emit more BC and exhibit larger differences in BC with increasing aromatic content compared to the PFI vehicles. The BC EFs for the GDI vehicles ranged from 255 μg mi −1 to 2385 μg mi −1 with the largest increases were with GDI #3 and GDI #4 by 356% and 334%, respectively, from the 15% to 35% aromatic fuels. The hybrid showed a BC EF increase of 107%, ranging from 136 μg mi −1 to 282 μg mi 1 , between the 15% and 35% aromatic fuels. BC EF for the PFI increased by 175%, ranging from 83 μg mi −1 to 228 μg mi −1 , between the 15% and 35% aromatic content fuel.
Increased octane rating in fuel reduces the BC EFs for the GDI vehicles. There was no effect from the increase in octane rating for the PFI or hybrid with a BC EF of 230.19 μg m −3 and 260.7 μg mi −1 , respectively. The increase in octane rating at the 35% aromatic composition had a varying, but definitive, effect for the five GDI vehicles. With the 35% aromatic with high octane fuel, the GDI #1 has a BC emission factor of 817.7 μg mi −1 , similar to the 15% aromatic content BC concentration. The higher octane number fuel was similar to the 25% and 35% aromatic content fuel for the GDI #2 vehicle at 1103.1 μg mi −1 . The GDI #3 had a BC EF, of 730 μg mi −1 , also similar to the 25% aromatic and 35% aromatic BC EF. The BC emissions factor for the 35% aromatic fuel with high octane was 2038.5 μg m −3 for the GDI #4 and 1295.6 μg mi −1 for the GDI #5. These values were both similar to the 25% and 35% aromatic content BC emissions for their respective vehicles.
BC/PM Mass Fraction. The fraction of BC to PM mass is shown in Figure 5b for all seven vehicles. PM mass emission factors are shown in a companion paper to this study. 24 It should be noted that PM mass measurements were not obtained for the GDI #4 on the 35% aromatic with high octane number fuel. The fractions were averaged for each trial where both PM and BC emission factors were available. The hybrid and PFI vehicles showed larger BC and PM fractions compared to the GDI vehicles. The impact of increasing aromatic content and octane rating was less consistent for the BC to PM fraction than with the BC emission rate. The BC to PM ratios for the hybrid, GDI #2, GDI #3, and the GDI #5 vehicles decreased with increasing aromatic content from 15% to 35%. Interestingly, the hybrid was the only vehicle of this group, which was not a GDI vehicle. The GDI #5 had the largest BC to PM mass fraction decrease, of about 54% between the 15% and 35% aromatic fuels, which was similar to the decrease for the GDI #2 (53%) and the hybrid (48%) vehicles, with the GDI #3 vehicle having the smallest decrease of about 36%. The PFI, GDI #1, and GDI #4 vehicles had statistically similar BC and PM fractions with increasing aromatic content in gasoline. The higher octane rating fuel had similar BC to PM mass fractions to the 35% aromatic content with lower octane rating fuel for the hybrid, PFI, GDI #2, GDI #3, and GDI #5, which were 0.32, 0.44, 0.18, 0.16, and 0.10, respectively. The GDI #1 vehicle showed a significant decrease of 49% in the BC to PM mass fraction for the higher octane number fuel. Overall, the ratios of BC to PM mass were considerably low compared to the overall WIM fractions shown in Figure 3 . Over half of all PM emissions are composed of material other than the measured BC in this study. This study is the first to determine the BC EFs, over the UC, from the optical techniques implemented with the MAAP. Other studies have shown measurements of BC using a photoacoustic technique, where the BC contribution to the total PM mass is much larger (∼80%). 46−48 However, this study's BC measurements contribute additional information into the complex properties and measurement of BC.
The results showed larger total aromatic concentrations in the fuel increased BC concentrations. However, higher octane ratings in fuels has the potential to reduce BC emissions. BC has the ability to absorb radiative light, thus causing a warming effect. 48−50 If widespread deployment of wall-guided GDI vehicles is to be continued as predicted, then there could be a significant change in climate patterns due to increased amounts of BC. Decreasing the particle emissions from GDI vehicles by changing the fuel, vehicle components used, or by using gasoline particulate filters (GPF) is of the utmost importance. Although the fuels used in this study suggest some fuel components could reduce the PM emissions, more work is needed to determine the chemical components and concentrations in the fuel and lubrication oils that should be reduced. GDI vehicles can emit 5−6 times higher BC compared to the PFI and hybrid vehicles. In addition, the higher aromatic fuels increased the amounts of BC EFs. The 35% aromatic fuel increased the BC EF by as much as 350% from the 15% aromatic fuel. However, BC was reduced with the higher octane rating fuel. If the aromatic content in fuels continues to decrease and higher octane rating fuels become more common (due to higher ethanol blends) then reductions in BC from the higher PM emitting GDI vehicles may occur, but additional research is required to determine the vehicle calibration and configurations role in this trend.
Implications. In the next decade, higher ethanol and lower aromatic content in gasoline may become more common due to the renewable fuels standard (RFS). Our results show that reduced aromatic concentrations are associated with reduced PM mass and (more importantly) reduced BC from GDI vehicles. Thus, increasing the ethanol fraction in gasoline could help to reduce climate and human health impacts attributed to particle emissions from GDI vehicles. Future work should explore the effects of specific aromatic compounds that affect particle emissions whereas this study only correlated results with the total aromatic concentration. As ethanol concentrations are increased in the U.S., the higher octane fuel could effectively decrease BC emissions from the high PM emitting GDI vehicles thus helping to minimize BC.
High vehicular speeds impact the particle hygroscopicity parameter κ and the fraction of water-insoluble particles. This trend was shown during the UC and vehicular stead-state speeds. Water-soluble particles have been shown to have negative effects on human health. 16−18 This is a concern for communities near major freeways where high speeds are typical. In addition, higher vehicle speeds and the increased water-soluble PM emissions found in this study might also have implications on CCN activity. 20 Future studies are needed to elucidate the mechanism connecting vehicles speed/load and the amount of water-insoluble particle emissions. Future work should investigate the fuel and lubricating oil contribution to the particle emissions as the lubricating oil may have a more 
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